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INTRODUCTION
In eukaryotic cells, the endoplasmic reticulum (ER) is a continuous network structure of flat membrane tubes called cisternae and is involved in many crucial cellular processes, including protein production, protein folding, N-glycosylation and secretion/transport of proteins to various endomembrane compartments, such as the plasma membrane and vacuole (Vitale and Denecke, 1999; Breitling and Aebi, 2013) . The ER can be classified into multiple subdomains according to their function and morphology: rough ER, smooth ER, and the nuclear envelop (Baumann and Walz, 2001 ). Moreover, depending on plant species (Matsushima et al., 2004) , many subcellular structures are generated from the ER, including the ER body, protein body, precursor-accumulating vesicles, lipid body and ricinosomes (Hara-Nishimura et al., 1998; Schmid et al., 1998; Toyooka et al., 2000) . Of these ER-derived subcellular organelles, the ER body is found only in members of the Brassicales (Matsushima et al., 2004; Yamada et al., 2008 Yamada et al., , 2009 Nakano et al., 2014) . It is a spindleshaped structure, 1-10 lm in size, and its surface is covered with ribosomes (Hayashi et al., 2001; Matsushima et al., 2004) . The ER body is distinct two different compositions. One is constitutive ER body and the other is inducible ER body . In Arabidopsis thaliana, the constitutive ER body is present in cotyledons, hypocotyls of young seedlings and roots, but not in mature leaf tissues. However, the ER bodies can be induced in leaf and root tissues by wounding or treatment with methyl jasmonate (MeJA; Matsushima et al., 2002; Ogasawara et al., 2009; Gott e et al., 2015) . The plant hormones jasmonic acid and MeJA play a critical role in defense responses against wound-related stresses (McConn et al., 1997; Wasternack and Parthier, 1997) .
The function of the ER body is still not fully understood. Many protein constituents have been identified, including eight beta-glucosidases (BGLUs) of the 47 BGLU family: BGLU18, BGLU19, BGLU20, BGLU21, BGLU22, BGLU23 (PYK10), BGLU24 and BGLU25 (Xu et al., 2004; Yamada et al., 2009) . BGLU family proteins have the leader sequence at the N-terminus for ER targeting, while ER retention signals are located at the C-terminus (Yamada et al., 2011) . Many of these beta-glucosidases show hydrolytic activity towards glucose-conjugated metabolites. In plants, various molecules conjugated with glucose are generated from secondary metabolites and accumulate in the cell (Gachon et al., 2005) . These glucose-conjugated molecules may be inactive and become active upon removal of the glucose moiety (Mattiacci et al., 1995; Tattersall et al., 2001; Lee et al., 2006; Ketudat Cairns and Esen, 2010) . Of these, many molecules are involved in defense responses against pathogens (Mattiacci et al., 1995; Konno et al., 1999) . Especially, PYK10 and BGLU18 accumulate at high levels in ER bodies (Yamada et al., 2008; Ogasawara et al., 2009; Nakano et al., 2014) . The in vitro experiment showed that PYK10 uses various compounds such as 4-methylumbelliferyl (4MU)-glucoside, 4MU-fucoside, scopolin and esculin (Matsushima et al., 2004; Nagano et al., 2008; Ahn et al., 2010) . Scopolin is a beta-O-glucoside-conjugated form of scopoletin that is known as a phytoalexin. Both scopolin and scopoletin can inhibit the gum tube growth, thereby exhibiting microbial toxicity (Peterson et al., 2003; Prats et al., 2006; Ahn et al., 2010; Nakano et al., 2014) . Because scopoletin activity is stronger than scopolin, it has been suggested that a betaglucosidase activity is necessary to convert scopolin to scopoletin upon pathogen infection (Nakano et al., 2014) . In addition, the ER body is induced by wounding (Matsushima et al., 2002; Ogasawara et al., 2009; Gott e et al., 2015) , raising the possibility that the ER body also plays a role in responses against wound stress. Together, these results strongly suggest that the ER body is involved in plant defense responses.
Recent studies have elucidated the mechanism of ER body formation. Protein factors involved in ER body formation and function have been identified, including NAI1, NAI2, and MEMBRANE PROTEIN OF ENDOPLASMIC RETI-CULUM BODY1 (MEB1) and MEB2 (Yamada et al., 2008 Nakano et al., 2014) . NAI1 is a basic helix-loop-helix (bHLH) transcription factor, and plays a critical role in ER body biogenesis by inducing expression of NAI2 and ER body-localized beta-glucosidases. NAI2 has a signal peptide at its N-terminus, followed by 10 repeat sequences consisting of Glu-Phe-Glu (EFE) and a specific motif at its C-terminus known as the NAI2 domain, and is localized to the ER body (Yamada et al., 2008) . The A. thaliana mutants, nai1 and nai2, both display a defect in biogenesis of the ER body (Yamada et al., 2008) . Although MEB1 and 2 are membrane proteins of the ER body, they are related to the function of the ER body rather than its biogenesis (Yamada et al., 2013) .
In this study, we investigate further the biogenesis of the ER body, by focusing on the biological role of TSKassociating protein 1 (TSA1), which is a close homolog of NAI2 ( Figure S1 ). Previous studies showed that TSA1 is involved in cell division and light-regulated plant development (Suzuki et al., 2005; Li et al., 2011) . Moreover, based on the expression pattern, it has been suggested that TSA1 plays a role in ER body formation (Yamada et al., , 2011 . However, its role in the ER body has not been shown experimentally. Similar to NAI2, TSA1 has a signal peptide, EFE repeats and a NAI2 motif. Here, we present evidence that TSA1 is localized to the lumen of the ER body. Moreover, when ectopically expressed, TSA1 facilitates ER body formation in root tissues of A. thaliana and leaf tissues of Nicotiana benthamiana, and also shows an additive effect with NAI2 on ER body formation in N. benthamiana.
RESULTS
Ectopic expression of TSA1:HA induces endoplasmic reticulum body formation in Nicotiana benthamiana leaves
To examine the physiological role of TSA1 experimentally and also to gain insight into the relationship between TSA1 and NAI2, a close homolog of TSA1, we tested whether TSA1 plays a role in the ER body formation, similar to NAI2. The ER body is found in members of the Brassicales, but not in leaf tissues of N. benthamiana (Matsushima et al., 2004; Yamada et al., 2008 Yamada et al., , 2009 Nakano et al., 2014) . However, the ER body can be induced in N. benthamiana upon ectopic expression of NAI2 (Figure 1a and b) . As a marker for the ER body, we used BiP: GFP:HDEL (BGH), a chimeric protein that localizes to the ER but accumulates to the ER body when the ER body is induced in the cell. Thus, N. benthamiana is an ideal plant to examine whether TSA1 plays a role in induction of the ER body. We used the ectopic expression of TSA1 tagged with a small epitope HA (hemagglutinin), TSA1:HA, in N. benthamiana via Agrobacterium-mediated infiltration. TSA1:HA was co-expressed with BGH in N. benthamiana, and examined its effect on the localization pattern of BGH at 6 days after infiltration. As a positive control, we ectopically expressed NAI2:HA together with BGH in leaf tissues of N. benthamiana. BGH alone showed a green fluorescent protein (GFP) pattern along with the plasma membrane together with some diffuse signals within the cell in leaf tissues. In pavement cells, the ER network is closely located to the plasma membrane due to expansion of the central lytic vacuole. By contrast, GFP-stained spindle-like structures were detected in leaf tissues when BGH was co-expressed with TSA1:HA or NAI2:HA (Figure 1a-c) , indicating that both TSA1 and NAI2 can induce ER body formation in N. benthamiana. We counted the number of ER bodies, and found that both TSA1 and NAI2 induced a similar number of ER bodies in the Agrobacterium-infiltrated leaf tissues (Figure 1d ), indicating that TSA1 is as good as NAI2 in inducing ER body formation.
TSA1:GFP co-localizes with NAI2:HA at the endoplasmic reticulum body in Nicotiana benthamiana
We examined the localization of TSA1 in N. benthamiana using a GFP-tagged form of the protein, TSA1:GFP. Leaf tissues of N. benthamiana were infiltrated with Agrobacterium harboring TSA1:GFP, and localization of GFP signals was examined using a laser-scanning confocal microscope (LSCM). NAI2:mRFP was co-infiltrated with TSA1:GFP, because NAI2 localizes to the ER body, producing a punctate staining pattern (Yamada et al., 2008) . TSA1:GFP produced a punctate staining pattern and colocalized closely with NAI2:mRFP (Figure 2a ), indicating that TSA1:GFP localizes to the ER body.
To further confirm this biochemically, both TSA1:GFP and NAI2:HA were expressed in N. benthamiana leaf tissues. The total protein extracts were subjected to sequential centrifugation, and the pellet fractions were obtained at 1000 9 g (P1) and 100 000 9 g (P100). The ER body was enriched in the P1 fraction, whereas the ER membranes were enriched in the P100 fraction (Yamada et al., 2008) . These fractions were analyzed by Western blotting using anti-GFP, anti-HA and anti-BiP antibodies. Both TSA1:GFP and NAI2:HA were mainly detected in the P1 fraction of N. benthamiana leaf extracts (Figure 2b ), indicating that TSA1 localizes in the ER body. By contrast, endogenous BiP was detected in both P1 and P100 fractions, indicating that the behavior of BiP is different from that of TSA1:GFP and NAI2:HA. Certain ER-localized proteins, such as BiP accumulated in ER. However, when the ER body was induced in the cell it also accumulated to high levels in the ER body (Hayashi et al., 2001; Matsushima et al., 2004; Yamada et al., 2008) . A previous study showed that TSA1 localizes to a large vesicle in BY2 cells (Suzuki et al., 2005) . Moreover, it was proposed that TSA1 is involved in cell division during light-regulated plant development (Suzuki et al., 2005; Li et al., 2011) . However, its localization in this study raises the possibility that TSA1 plays a role in ER body formation in non-dividing cells, as proposed for NAI2 .
Overexpression of TSA1 induces formation of the endoplasmic reticulum body and leads to accumulation of BmCH in the endoplasmic reticulum body Next, we examined whether TSA1 also plays a role in the ER body formation in A. thaliana. Again, we overexpressed Figure 1 . Ectopic expression of TSA1 induces endoplasmic reticulum (ER) body formation in leaf tissues of Nicotiana benthamiana. BGH was transiently expressed alone, or together with NAI2:HA or TSA1:HA in leaf tissues of N. benthamiana using Agrobacterium-mediated infiltration. After infiltration, plants were grown for an additional 6 days. ER bodies were examined using a laser-scanning confocal microscope (LSCM). (a) BGH; (b) BGH and NAI2:HA; (c) BGH and TSA1:HA. Scale bars: 10 lm. (d) Quantification of ER bodies. The number of the ER body was counted using software ImageJ in the area of 512 9 512 lm with 5 lm depth. Error bars represent the standard deviation (SD) of three independent biological replications (n = 3). The significance of the difference (P-value) was analyzed by Tukey's method. Statistical data are shown in Table S2 .
TSA1:GFP in A. thaliana and examined its effect on ERlocalized proteins. As a marker for ER body, we used BiP: mCherry:HDEL (BmCH; Matsushima et al., 2004; Yamada et al., 2008; Kim et al., 2013) . In TSA1:GFP transgenic plants, we introduced BmCH. As a control, we also generated a transgenic line of A. thaliana plants harboring BmCH alone. Using a LSCM, we examined root tissues of 8-day-old transgenic A. thaliana plants harboring only BmCH. The red signals showed a pattern of speckles that was different from the network pattern of the ER (Figure 3a) , indicating that BmCH largely localizes to the ER body in root tissues. Next, we examined transgenic plants harboring both TSA1:GFP and BmCH. The red speckles representing the ER body were much more pronounced in the number and also size upon co-expression of TSA1: GFP. Moreover, the red fluorescent signals of BmCH closely overlapped with green fluorescent signals (Figure 3b ), indicating that TSA1:GFP localizes to the ER body. When we counted the ER body, the number of the ER body was significantly increased in TSA1:GFP plants compared with transgenic plants expressing only BmCH (Figure 3c ). To confirm its localization to the ER body at the biochemical level, we used a transgenic line of A. thaliana plants expressing TSA1:GFP. As a control, we used a transgenic line expressing BGH. We performed subcellular fractionation of protein extracts from these transgenic plants, and obtained P1 and P100 fractions. These fractions were analyzed by Western blotting using anti-GFP and anti-BiP antibodies. Endogenous BiP was detected in both the ER and ER body fractions in BGH plants as well as TSA1:GFP plants. BGH was also detected in both P1 and P100 fractions (Figure 3d ). ER-targeted GFP with the C-terminal HDEL motif, the ER retention signal, localizes to the ER. However, when the ER body was induced in the cell it also accumulated to high levels in the ER body (Hayashi et al., 2001; Matsushima et al., 2004; Yamada et al., 2008) . By contrast, TSA1:GFP was mainly detected in the P1 fraction (Figure 3d ), confirming that TSA1:GFP localizes to the ER body in A. thaliana.
TSA1 is a protein of the endoplasmic reticulum body with N-glycosylation
We examined the means by which TSA1 localizes to the ER body. The N-terminal hydrophobic domain could function as a signal peptide for protein targeting to the ER lumen. In silico analysis suggested that it may be a signal peptide ( Figure S2a ). This raised the possibility that TSA1 is imported into the ER lumen and targeted to the lumen of the ER body. A previous study showed that NAI2 has a signal peptide at its N-terminus, suggesting that NAI2 can access the ER lumen. However, NAI2 lacking the ER retention signal still accumulates in the ER body (Yamada et al., 2008) . GFP-fused TSA1, a close homolog of NAI2, co-localized with NAI2:mRFP in the ER body ( Figure 2 ). As an approach to test whether TSA1 is targeted to and accumulates in the ER lumen, we examined TSA1 for N-glycosylation. Amino acid sequence analysis revealed that TSA1 has putative N-glycosylation sites at its N-terminus (Figure S2b) . N-glycosylation occurs in the lumen of the ER. Thus, the N-glycosylation of a protein or domain is an important line of evidence that the protein or domain is located to the lumen of the ER. Protoplasts transformed with TSA1:GFP were treated with tunicamycin, an inhibitor of N-glycosylation, for 14 h, and protein extracts from protoplasts were analyzed by Western blotting using anti-GFP antibody. The tunicamycin treatment caused TSA1:GFP to migrate faster in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) compared with the Leaf tissues of N. benthamiana were co-infiltrated with a mixture of Agrobacterium harboring TSA1: GFP or NAI2:mRFP. Images were taken 4 days after infiltration. Scale bars: 10 lm. (b) Localization of TSA1:GFP to the ER body. P1 and P100 fractions were prepared from total cell extracts from N. benthamiana that had been infiltrated with a mixture of Agrobacterium harboring TSA1:GFP or NAI2:HA, and analyzed by Western blotting using anti-BiP, anti-GFP and anti-HA antibodies. TSA1: GFP, 115 kDa; NAI2:HA, 85 kDa. dimethylsulfoxide (DMSO) control (Figure 3e ), indicating that TSA1 is an N-glycosylated protein. Indeed, NAI2 is proposed to localize to the lumen of the ER body (Yamada et al., 2008) . Because NAI2 is highly homologous to TSA1, we examined whether NAI2 also is N-glycosylated. Protoplasts transformed with NAI2:HA were treated with tunicamycin for 14 h. Subsequently, protein extracts from protoplasts were analyzed by Western blotting using anti-HA antibody. NAI2:HA also migrated faster upon tunicamycin treatment ( Figure S3 ), indicating that NAI2 is also N-glycosylated. Many proteins targeted to the ER lumen are known to be N-glycosylated. Therefore, TSA1 is localized in the lumen of the ER body like NAI2. However, currently the exact role of N-glycosylation of TSA1 and NAI2 remains elusive.
TSA1 is highly induced by methyl jasmonate in shoot and root tissues
To gain insight into the physiological role of TSA1, we examined the expression of TSA1 using quantitative realtime reverse transcription-polymerase chain reaction (qRT-PCR) analysis. For comparison, we also included NAI2 in the qRT-PCR analysis. A previous study showed that TSA1 is differentially expressed depending on the plant tissue (Suzuki et al., 2005) . Moreover, the expression pattern of TSA1 differed from that of NAI2. TSA1 was preferentially expressed in flowers and shoots, whereas NAI2 was mainly expressed in roots (Suzuki et al., 2005) . In A. thaliana, ER bodies were usually detected in root tissues, hypocotyls and cotyledons, but not in mature leaves. Thus, we (c) Quantification of the ER body. The number of the ER body was counted using software ImageJ in the area of 512 9 512 lm with 18 lm depth. Error bars represent SD (n = 3). Double asterisks indicate a significant difference (P < 0.01) between BmCH/TSA1:GFP and BmCH based on Student's t-test. (d) Localization of TSA1:GFP to the ER body. P1 and P100 fractions were prepared from total cell extracts of TSA1:GFP transgenic A. thaliana plants and analyzed by Western blotting using anti-BiP and anti-GFP antibodies. TSA1:GFP, 115 kDa. (e) N-glycosylation analysis of TSA1. TSA1:GFP was transformed into A. thaliana protoplasts. The transformed protoplasts were incubated with dimethylsulfoxide (DMSO; -) or 10 lg mL À1 tunicamycin for 14 h after transformation. Total protein extracts were analyzed by immunoblotting analysis using GFP antibody. compared the expression levels of TSA1 and NAI2 in shoots and roots using 2-week-old plants. At this stage, the plants had not flowered and the cotyledons had senesced. TSA1 transcript levels were higher in shoots than in roots, whereas the opposite was true for NAI2 transcript levels ( Figure 4a ). These results suggest that NAI2 may be more important than TSA1 for ER body formation in the root tissues under the normal physiological condition. Previously, it was proposed that ER bodies are involved in wound-related responses (Yamada et al., 2011) . We examined whether the expression of TSA1 and NAI2 is induced by wound-related hormone, MeJA. Even without MeJA treatment, ER bodies are readily observed in seedlings and roots, but not in leaves of mature plants (Matsushima et al., 2002; Yamada et al., 2009) . However, treatment with 50 lM MeJA induced ER bodies in leaves and root of mature plants (Matsushima et al., 2002; Gott e et al., 2015 Gott e et al., , 2016 . Under these conditions, NAI1, an important transcription factor of ER body formation, is upregulated (Matsushima et al., 2004) . Thus, it is possible that high levels of NAI1 following the MeJA treatment contribute to the induction of various genes involved in ER body formation. We first confirmed whether MeJA induces ER body formation in different A. thaliana tissues. Threeweek-old plants harboring BGH were treated with 50 lM MeJA or DMSO as a control, and ER body formation was examined in leaf tissues at 48 h later. DMSO did not induce ER bodies, whereas treatment with MeJA led to ER body formation. The MeJA treatment also induced TSA1 and BGLU18. BGLU18 is a member of the BGLU family and a main component of the inducible ER body Yamada et al., 2011;  Figure S4 ). Next, we determined transcript levels of TSA1 and NAI2 by qRT-PCR after MeJA treatment. NAI1 was used as a positive control. As reported in a previous study, the transcript level of NAI1 was increased following MeJA treatment (Matsushima et al., 2004; Yamada et al., 2011) . In addition, MeJA treatment led to higher transcript levels of both TSA1 and NAI2 (Figure 4b ), indicating that both genes are upregulated by MeJA. The expression of all three genes was strongly induced to high levels until 24 h after MeJA treatment in a time-dependent manner, but declined to lower induction levels at 48 h after treatment (Figure 4b ). However, the three genes showed a great difference in the magnitude of their induction: 22-fold for TSA1 at 24 h after (a) Expression levels of TSA1 and NAI2. Total RNAs were prepared from shoots and roots of 2-week-old plants and analyzed by quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR). TSA1 and NAI2 transcript levels in roots were presented as relative values to those in shoots. ACT2 was used as an internal control in qRT-PCR. Error bars represent SD (n = 3). Double asterisks indicate a significant difference (P < 0.01) between shoot and root tissues for the indicated genes based on Student's t-test. (b) Effect of MeJA treatment on the expression of TSA1. Total RNAs extracted from 2-week-old whole plants that had been treated with dimethylsulfoxide (DMSO) or 50 lM MeJA for 4, 12, 24 and 48 h were analyzed for the transcript levels of TSA1 by qRT-PCR. The graph shows the relative values of the indicated genes after MeJA treatment. ACT2 was used as an internal control for qRT-PCR. Error bars represent SD (n = 3). Double asterisks indicate a significant difference (P < 0.01) between MeJA and DMSO treatments for the indicated genes and at indicated time points based on Student's t-test. (c) The effect of mutation at NAI1 on the expression of TSA1. Total RNAs were prepared from 8-day-old wild-type (WT) and nai1 plants, and analyzed for the transcript levels of TSA1, NAI1 and NAI2 by qRT-PCR. ACT2 was used as an internal control. Error bars represent SD (n = 3). A single asterisk indicates a significant difference (P < 0.05) between WT and nai1 tissues for the indicated genes based on Student's t-test. (d) No effect of NAI1 overexpression on the expression of TSA1. Total RNAs were prepared from protoplasts that had been transformed with NAI1:sGFP or sGFP, and analyzed for the transcript levels of NAI1, TSA1 or NAI2 by qRT-PCR. ACT2 was used as an internal control for qRT-PCR. Error bars represent SD (n = 3). Double asterisks indicate a significant difference (P < 0.01) between NAI1:sGFP and sGFP plants for the indicated genes based on Student's t-test. treatment; whereas 2.5-and 3.4-fold, respectively, for NAI1 and NAI2, at 24 h after treatment (Figure 4b ). To better understand the expression of these genes, we prepared total RNAs from roots and shoots separately, and determined the expression levels of the genes. All three genes were strongly induced in roots and shoots upon MeJA treatment. In addition, the induction folds of TSA1 were higher than those of NAI1 and NAI2 in roots and shoots upon the MeJA treatment ( Figure S5 ). To correlate the expression of TSA1 or NAI2 to the ER body formation upon MeJA treatment, we examined the expression of BGLU18, a member of the BGLU family and a main component of the inducible ER body Yamada et al., 2011) . At this condition, the expression of BGLU18 was also strongly induced at 12 and 24 h after MeJA treatment ( Figure S4c ). This is consistent with previous studies showing that the expression of BGLU18 is correlated with that of TSA1 (Yamada et al., , 2011 . However, at normal growth conditions, BGLU18 was mainly expressed in leaves and stems, but not in roots Nakano et al., 2014) . These results suggest that MeJA treatment induces the expression of TSA1 and BGLU18, which in turn leads to ER body formation as observed under wounding stress conditions.
The expression of TSA1 is not under the control of NAI1 NAI1 and NAI2 play important roles in ER body formation (Matsushima et al., 2004; Yamada et al., 2008) . In this process, NAI1, a transcription factor, is involved in the expression of NAI2, as is PYK10, which is a major component of the constitutive ER body. However, nai1 plants still produce the ER body upon wounding (Matsushima et al., 2004; Yamada et al., 2008; Ogasawara et al., 2009) . In nai1 plants, TSA1 that was strongly induced by MeJA may play a role in the ER body formation upon wounding (Figures 4b and S4c) . This raises the possibility that TSA1 may not be under the control of NAI1. Indeed, previously it has been suggested that the expression of TSA1 is not under the transcriptional control of NAI1 . To test this possibility experimentally, we examined the expression levels of TSA1 in nai1 plants. Total RNAs were prepared from 8-day-old plants and used to quantify transcript levels of TSA1. The mutation at NAI1 did not affect the TSA1 transcript level (Figure 4c ), confirming that, unlike NAI2, the expression of TSA1 is not under the control of NAI1. We also examined transcript levels of NAI1 and NAI2, and found that they were reduced in nai1 plants compared with wild-type (WT) plants, as reported previously (Yamada et al., 2008) .
To further confirm this finding, we examined whether transiently expressed NAI1 can induce expression of TSA1 in A. thaliana protoplasts. First, the expression of NAI1 was examined following transient expression of NAI1:sGFP or sGFP in protoplasts. Both NAI1:sGFP and sGFP were under the control of the strong CaMV 35S promoter. Protoplasts transformed with sGFP were used to determine endogenous levels of NAI1 transcripts. Compared with sGFP alone, protoplasts transformed with NAI1:sGFP showed higher levels of NAI1 transcripts (Figure 4d ). Next, we determined the transcript levels of NAI2 or TSA1 in protoplasts transformed with NAI1:sGFP or sGFP alone. Transcript levels of NAI2 were higher in protoplasts transformed with NAI1:sGFP than in protoplasts transformed with sGFP alone, indicating that transiently expressed NAI1:sGFP induces the expression of NAI2 in protoplasts. However, TSA1 transcript levels did not differ significantly between NAI1:sGFP and sGFP alone, indicating that NAI1 is not involved in the expression of TSA1 (Figure 4d ).
Mutation of TSA1 does not affect endoplasmic reticulum body formation in seedlings under normal growth conditions
Although cotyledons, hypocotyls and roots of young seedlings produce ER bodies under normal growth conditions, seedlings of nai1 and nai2 plants exhibit altered ER body formation (Matsushima et al., 2004; Yamada et al., 2008) . To better understand the role of TSA1 in ER body formation, we isolated tsa1 mutant plants with a T-DNA insertion at TSA1. The T-DNA insertion was confirmed by PCR using genomic DNA from the mutant plants. In addition, the lack of TSA1 transcripts was confirmed using RT-PCR (Figure S6) . First, we generated transgenic plants harboring BGH and crossed them with tsa1 or nai2 plants. Homozygous plants harboring both BGH and the mutation at TSA1 or NAI2 were isolated from the F3 generation. We then examined ER body formation in cotyledons or hypocotyls of 7-day-old plants. WT and tsa1 plants harboring BGH contained ER bodies (visualized as green fluorescent signals), whereas ER bodies were not observed in nai2 plants harboring BGH (Figure 5a and b) , indicating that TSA1 is not essential for ER body formation, and that NAI2 is sufficient for ER body formation in cotyledons and hypocotyls under the normal growth conditions. To corroborate this finding, we examined TSA1 and NAI2 transcript levels in cotyledons as well as in mature leaves showing no ER bodies. Total RNAs were prepared from cotyledons of 7-dayold seedlings and true leaves of 12-day-old plants, and examined for the expression levels of TSA1 and NAI2 by qRT-PCR. Both TSA1 and NAI2 transcript levels were 1.5-1.75-fold and 2.2-2.4-fold higher, respectively, in cotyledons of 7-day-old plants than in true leaves of 12-day-old plants ( Figure 5c ), consistent with the idea that NAI2 may be more important in ER body formation in cotyledons under the normal growth conditions. Next, we examined inducible ER body formation in both tsa1 and nai2 plants. As MeJA induced expression of TSA1, we treated mutant plants with MeJA or DMSO and examined ER body formation. Treatment with 50 lM MeJA, but not DMSO, induced ER body formation in both nai2 and tsa1 plants (Figure 5d and e). It is possible that, as we found MeJA-treated plants, high levels of either TSA1 or NAI2 alone are sufficient to induce ER body formation. To test this idea, we generated homozygous nai2/tsa1 double- The number of the ER body in (a) was determined in the area of 512 9 512 lm with 5 lm depth using software ImageJ. n.d., not detected. Error bars represent SD (n = 3). This graph was analyzed using Tukey's method. Statistical data are shown in Table S2 . (c) Transcript levels of TSA1 and NAI2 from cotyledons and true leaves. Total RNAs from cotyledons of 7-day-old seedlings and leaves of 12-day-old plants were analyzed for transcript levels of TSA1 and NAI2 by quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR). Total RNA levels were normalized using ACT2 as an internal control of qRT-PCR. Single and double asterisks indicate a significant difference (P < 0.05 and P < 0.01, respectively) between 7 and 12 days for the indicated genes based on Student's t-test. (e) Quantification of the ER body. The number of the ER body in (d) was counted in the area of 512 9 512 lm with 5 lm depth using software ImageJ. n.d., not detected. Error bars represent SD (n = 3). The significance of the difference was analyzed by Tukey's method. Statistical data are shown in Table S2 .
mutant plants and examined ER body formation. ER bodies were not detected in cotyledons of 7-day-old nai2/tsa1 double-mutant plants (Figure 5a and b) . Moreover, even upon 50 lM MeJA treatment, ER bodies were not detected in the true leaves of nai2/tsa1 plants (Figure 5d and e), consistent with the idea that at least one of the two isoforms is necessary for MeJA-induced ER body formation in leaf tissues. These results suggest that TSA1 is an important factor of ER body formation when plants are subject to woundrelated stress.
TSA1 and NAI2 form heteromeric complexes in vivo
To elucidate any functional relationship between TSA1 and NAI2, we examined whether they interact with each other at the protein level. Both NAI2 and TSA1 contain EFE repeats that are thought to be involved in protein-protein interaction. In addition, a previous study showed that TSA1 undergoes multimerization via the EFE repeats (Suzuki et al., 2005) . Moreover, TSA1 and NAI2 were induced at the same condition albeit at a different degree (Figure 4b ). Thus, we reasoned that TSA1 and NAI2 form heteromeric complexes, thereby functioning together in the ER body formation. To test this idea, we performed co-immunoprecipitation experiments. NAI2:HA was transformed into A. thaliana protoplast together with TSA1:GFP or GFP alone as a negative control, and protein extracts from protoplasts were subjected to immunoprecipitation using anti-GFP antibody. The immunoprecipitates were analyzed by Western blotting using anti-GFP and anti-HA antibodies. Anti-GFP antibody detected both GFP and TSA1:GFP in the total protein extracts (Input) and also immunoprecipitates (IP). In addition, the anti-HA antibody detected a band at the position of NAI2:HA in the immunoprecipitates from Input of protoplasts transformed with TSA1:GFP, but not GFP alone (Figure 6 ), indicating that TSA1 interacts with NAI2 in vivo, consistent with the idea that TSA1 and NAI2 function together to form the ER body.
Ectopic expression of TSA1 and NAI2 induces endoplasmic reticulum body formation in an additive manner in Nicotiana benthamiana leaves
To further test the functional relationship between TSA1 and NAI2, we examined whether TSA1 and NAI2 can work together to induce ER bodies. TSA1:HA and NAI2:HA were transiently co-expressed with BGH in leaf cells of N. benthamiana using Agrobacterium infiltration-mediated transformation and ER body formation was examined at different time points thereafter. Two days after infiltration, BGH alone exhibited an ER network pattern (Figure 7a ). However, when BGH was co-expressed with TSA1 or NAI2, BGH accumulated in ER bodies (Figure 7b and c). Moreover, when both TSA1 and NAI2 were co-expressed together with BGH, a more prominent ER body pattern was observed with bigger ER body in size (Figure 7d ), indicating that TSA1 and NAI2 additively function to induce ER body formation. The quantification data of ER body number and ER body length confirmed these results (Figure 7e and f).
DISCUSSION
In this study, we provide evidence that TSA1, a close homolog of NAI2, plays an important role in ER body biogenesis. Transient expression of TSA1 in N. benthamiana induced ER body formation. This was similar to the effect of NAI2 expression on ER body induction in N. benthamiana. NAI2 is a close homolog of TSA1 and a mutation in NAI2 alters ER body formation (Yamada et al., 2008) . Furthermore, co-expression of TSA1 and NAI2 induced ER body formation in an additive manner (Figure 7d ). Moreover, over-expression of TSA1:GFP in A. thaliana transgenic plants increased the number of ER bodies in the cells of root tissues (Figure 3b and c) . This is in contrast to earlier findings showing that TSA1 functions as a factor in cell division and light-dependent development (Suzuki et al., 2005; Li et al., 2011) . One possibility is that TSA1 has multiple functions depending on the cell type or growth stage of plants. In vegetative tissues such as roots and leaves, TSA1 tagged with GFP localized to the ER body (Figure 2 ). These results further support the idea that TSA1 functions in ER body formation. However, mutation of TSA1 did not prevent ER body formation in cotyledons, hypocotyls and roots (Figure 5a and b) . These results suggest that in ER Figure 6 . TSA1 forms a heteromeric complex with NAI2. NAI2:HA was transformed into Arabidopsis thaliana protoplasts together with TSA1:GFP or GFP. Protein extracts from the protoplasts were immunoprecipitated with anti-GFP antibody. The protein extract before immunoprecipitation (Input) and the immunoprecipitates (IP) were analyzed by Western blotting using anti-GFP and anti-HA antibodies. TSA1:GFP, 115 kDa; NAI2: HA, 85 kDa.
body formation in these tissues of young seedlings, NAI2 plays a primary role and TSA1 is dispensable. However, nai2/tsa1 double-mutant plants did not produce the ER body in cotyledons and adult leaves even upon treatment with MeJA (Figure 5d and e). These results raise the possibility that TSA1 is also a critical factor of ER body formation, in particular, under the specific conditions such as wounding. Consistent with this idea, in leaf tissues of N. benthamiana, where the ER body is not present under normal conditions, ectopic expression of not only NAI2 but also TSA1 alone was sufficient to induce formation of ER bodies (Figure 1) . What does TSA1 do in ER body formation in plants? TSA1 was strongly induced upon MeJA treatment, raising the possibility that TSA1 plays a role in biogenesis of the ER body under certain inducible conditions (Figure 4b ; Yamada et al., 2009) . MeJA is a plant hormone involved in defense responses, in particular wounding-related stresses such as chewing by insects (McConn et al., 1997; Wasternack and Parthier, 1997) . Thus, one possibility is that TSA1 is involved in ER body formation during insect attack. Indeed, nai2 plants that have a defect in ER body formation under normal conditions produced ER bodies following treatment with MeJA, indicating the presence of another pathway for production of ER bodies. Therefore, one possible scenario is that NAI2 plays a role in ER body formation in cotyledons, hypocotyls and roots under normal conditions, whereas TSA1 plays a role in ER body formation under wounding stress conditions such as chewing of leaves by insects. Indeed, expression patterns of TSA1 and NAI2 support this idea. Previous studies showed that NAI1, a bHLH-type transcription factor, plays a key role in the expression of NAI2 and other genes encoding ER body proteins (Matsushima et al., 2004; Yamada et al., 2008) . However, TSA1 was not under the control of NAI1 , indicating that the expression of the two homologs, TSA1 and NAI2, is differentially regulated. At the same time, TSA1 was highly induced by MeJA. Both NAI2 and NAI1 are also induced by MeJA, but at moderate levels. These results suggest that TSA1 plays a major role in ER body formation following MeJA treatment. Thus, the ER body appears to be produced by two different pathways: one constitutive and the other inducible by MeJA Yamada et al., 2009 Yamada et al., , 2011 Gott e et al., 2015) . Another line of evidence for supporting this scenario is that the expression of BGLU18, a beta-glucosidase and important component of the ER body formation, was strongly induced by MeJA treatment, similar to that of TSA1 ( Figure S4c ; Ogasawara et al., 2009) . However, tsa1 plants still produced the ER body when plants were treated with MeJA (Figure 5d ), suggesting that in the absence of TSA1, NAI2 alone can manage to induce the ER body.
The key question is how TSA1 is involved in ER body formation. In forming ER bodies, at least two separate processes are necessary. One involves specific accumulation of ER body proteins and the other involves separation of Figure 7 . TSA1 and NAI2 function additively in endoplasmic reticulum (ER) body formation in Nicotiana benthamiana. BGH was transiently expressed alone or together with NAI2:HA, TSA1:HA or TSA1:HA and NAI2:HA in N. benthamiana leaf tissues using Agrobacterium-mediated infiltration, and plants were further grown for an additional 2 days. ER bodies were examined using a laser-scanning confocal microscope (LSCM). (a) BGH; (b) BGH and NAI2:HA; (c) BGH and TSA1:HA; (d) BGH, NAI2:HA and TSA1:HA (e). Quantification of ER body numbers. n.d., not determined. Error bars represent SD (n = 3). (f) Quantification of ER body length. The number of ER bodies and length of ER body were calculated using ImageJ in the area of 512 9 512 lm with 5 lm depth. n.d, not detected. Error bars represent SD (n = 3). The significance of the difference was analyzed by Tukey's method. Statistical data are shown in Table S2 . the subdomain of the ER into a separate organelle. Proteins with ER retention signals, such as K/HDEL, accumulate to high levels in the ER body (Matsushima et al., 2004; Yamada et al., 2008) . A previous model proposed that NAI2 may interact with various ER body components such as PYK10 to induce accumulation of proteins to induce ER body formation and may form the complex with MEB1/2 for forming the ER body-specific membrane (Nakano et al., 2014) . However, it is not known how these proteins are selectively sorted and stored in the ER body. TSA1 may also play a role in this process. We showed that TSA1 localized to the lumen of the ER body (Figures 2 and 3) . This is consistent in previous work showing that NAI2, a close homolog of TSA1, localizes to the lumen of the ER body (Yamada et al., 2008; Nakano et al., 2014) . Thus, one possible role of TSA1 is to recruit biogenesis and necessary factors for ER body formation and function. Indeed, TSA1 contains multiple domains that may be involved in interactions with other proteins (Suzuki et al., 2005; Nakano et al., 2014) . Another possibility is that TSA1 may polymerize as higher molecular weight complexes deform the subdomain of the ER, and generate the ER body. In fact, a previous study showed that TSA1 forms homomeric dimers (Suzuki et al., 2005) . Moreover, we showed that TSA1 can form a heterodimer with NAI2 in vivo. Thus, TSA1 or NAI2 may form homomeric complexes by itself or heteromeric complexes with NAI2 or TSA1, respectively, at the surface of the ER body, thereby inducing ER body formation at certain locations on the ER.
The physiological role of the ER body is not fully understood. Many ER-derived organelles have been reported and they play specific roles in various cellular processes in plants (Hara-Nishimura et al., 1998; Schmid et al., 1998; Toyooka et al., 2000; Matsushima et al., 2004) . The ER body is one such organelle that is observed in cotyledons, hypocotyls and roots of young seedlings. However, they disappear when plants mature (Matsushima et al., 2002) . Previous studies showed that a large number of beta-glucosidases accumulate in the ER body (Xu et al., 2004; Yamada et al., 2009) . Often, many secondary metabolites are stored in the cell as glucose-conjugated forms and beta-glucosidases can remove the glucose moiety from these inactive compounds to convert them to active forms (Mattiacci et al., 1995; Tattersall et al., 2001; Ketudat Cairns and Esen, 2010) . One well-known example is ABA, a plant hormone involved in osmotic stress responses. ABA is conjugated with glucose to produce an inactive form, ABA-GE (Cutler and Krochko, 1999) , and removal of the glucose moiety from the ABA-GE by beta-glucosidase produces active ABA (Lee et al., 2006) . Similarly, beta-glucosidases in the ER body can remove glucose residues from secondary metabolites to produce the active forms of metabolites involved in plant defense (Mattiacci et al., 1995; Tattersall et al., 2001; Ahn et al., 2010; Ketudat Cairns and Esen, 2010) , suggesting that ER bodies are involved in defense responses (Sherameti et al., 2008; Yamada et al., 2011; Nakano et al., 2014) . PYK10, a component of the constitutive ER body, is upregulated by Piriformospora indica, and can restrict root colonization by fungal hyphae (Sherameti et al., 2008) . Therefore, it would appear that constitutive ER bodies are involved in defense responses. In addition, BGLU18, a glucosidase and component of the inducible ER body, is induced by larvae of the diamondback moth or by treatment with MeJA, a wound-related hormone (Stotz et al., 2000; Matsushima et al., 2002; Ogasawara et al., 2009) . Similarly, TSA1 was highly induced by MeJA, consistent with the idea that inducible ER bodies are also involved in defense responses.
EXPERIMENTAL PROCEDURES Plant growth conditions
Arabidopsis thaliana was grown in a growth chamber at 22-23°C with a 16 h light/8 h dark cycle on Gamborg B5 plates containing 0.5% MES-KOH, pH 5.7, and 0.75% agarose. Nicotiana benthamiana was grown in soil in a greenhouse at 28-29°C with a 16 h light/8 h dark cycle.
Construction of plasmids
cDNAs of NAI1, NAI2 and TSA1 were isolated from an A. thaliana cDNA library by PCR using NAI1-, NAI2-and TSA1-specific primers, respectively. To generate TSA1:GFP, the PCR product of TSA1 was inserted in-frame into the upstream of GFP in 326-GFP under the control of the CaMV 35S promoter and nos terminator . To generate NAI1:sGFP, the PCR product of NAI1 was inserted in-frame into the upstream of sGFP, which is a soluble GFP in a 326-sGFP vector under the control of the CaMV 35S promoter and nos terminator . To generate NAI2:mRFP, the PCR product of NAI2 was inserted in-frame into the upstream of mRFP in a 326-mRFP vector under the control of the CaMV 35S promoter and nos terminator. For Western blot analysis of NAI2 and TSA1, we fused a small epitope HA consisting of YPYDVPDYA residues derived from human influenza HA (Wilson et al., 1984; Field et al., 1988) , to the C-terminus of NAI2 and TSA1. To generate NAI2:HA and TSA1:HA, the PCR product of NAI2 and TSA1 was inserted in-frame into the upstream of the HA epitope in the 326-HA vector under the control of the CaMV 35S promoter and nos terminator. Protoplast expression vectors of 326 series were generated using the pUC vector Kim et al., 2001) . TSA1:GFP was transferred into the binary vectors pCAMBIA 1300 or pCAMBIA 2300 under the control of the 35S CaMV promoter, and the resulting constructs were used to generate transgenic plants. Both BiP:mCherry:HDEL (BmCH) and BiP:GFP:HDEL (BGH) constructs were transferred into a binary vector pCAMBIA 2300 under the control of the CaMV 35S promoter, and the resulting constructs were used to generate transgenic plants. All primers that are used for construction are listed in Table S1 . mutations (Table S1 ). Transgenic plants were generated by the floral dipping method using Agrobacterium tumefaciens (Clough and Bent, 1998) . Transgenic plants harboring TSA1:GFP, BiP: mCherry:HDEL (BmCH) and BiP:GFP:HDEL (BGH) were generated using WT plants. To generate homozygous plants harboring both TSA1:GFP and BmCH, transgenic plants harboring TSA1:GFP were crossed with transgenic plants harboring BmCH. To generate homozygous nai1, nai2 and tsa1 mutant plants harboring BGH, transgenic plants harboring BGH were crossed with nai1 (GK-720H07), nai2 (GK-624B03) or tsa1 (GK-299G09). nai2 and tsa1 plants, both of which harbored BGH, were crossed to generate nai2/tsa1 double-mutant plants. Homozygous plants were screened from F2 populations, and F3 homozygous plants were used for further analysis.
Polyethylene glycol-mediated transformation of Arabidopsis protoplasts
All plasmids were purified using a Qiagen Plasmid Purification column (Qiagen) and introduced into A. thaliana protoplasts using a polyethylene glycol-mediated method as described previously Kim et al., 2001) .
Agrobacterium infiltration-mediated transient expression in Nicotiana benthamiana
Agrobacterium tumefaciens (GV3101) harboring TSA1:GFP, BmCH, NAI2:HA or NAI2:mRFP was cultured in LB broth containing antibiotics kanamycin (Amresco) and rifampicin (Sigma). The overnight cultures were pelleted by centrifugation at 1300 9 g at room temperature. The pellets were resuspended in infiltration buffer (10 mM MES, pH 5.6, 10 mM MgSO 4 , 500 lM acetosyringone) and incubated at room temperature for 1 h. Resuspended Agrobacterium solutions (0.8 OD 600 ) were manually injected into leaf tissues of 3-4-week-old N. benthamiana plants, which were grown additionally for 2-4 days. For co-infiltration of two different constructs, Agrobacterium cultures were mixed at 1 to 1 ratio to give the final concentration of 0.8 OD 600 .
Laser-scanning confocal microscopy
Expression and localization of proteins tagged with fluorescent proteins (GFP, sGFP, RFP and mCherry) were observed by LSCM (Carl Zeiss) using the laser beam at two different wavelengths, argon laser 488 nm and a 505/530 nm band-pass filter for observing the GFP, and a helium-neon laser 543 nm and a 560/615 nm band-pass filter for observing the red fluorescence (Park et al., 2016) .
The endoplasmic reticulum body counting and measurement
We acquired images of epidermal cells (512 9 512 lm square with depth of 5-18 lm) by LSCM (Carl Zeiss). We measured the ER body number using Z-stack images acquired by LSCM. We measured the ER body number and length using ImageJ. We analyzed the statistical data of ER body number and length by Tukey's method using IBM SPSS statistics program. These analyzed results were shown in Table S2 .
Immunoblot analysis
Protein extracts from plant tissues or eluted proteins were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membrane for Western blot analysis. Immunoblot analysis was performed using anti-GFP (Clontech; 1:5000 dilution), antimCherry (Clontech; 1:5000 dilution), anti-HA (Roche; 1:1000 dilution), anti-Lhcb4 (Agrisera; 1:5000) or anti-BiP antibodies (Kang et al., 2012) , as described previously . Immunoblots were stained with Coomassie brilliant blue after exposure to chemiluminescence. Images were captured by LAS4000 (FUJI-FILM).
Subcellular fractionation
Protein extracts were separated into soluble and membrane fractions by ultracentrifugation as described previously (Matsushima et al., 2003; Yamada et al., 2008) , with minor changes. Arabidopsis thaliana seedlings (8 days old) were chopped and homogenized in fractionation buffer [50 mM HEPES-NaOH, pH 7.5, 5 mM EDTA, 0.4 M sucrose and protease inhibitor cocktail (Roche)] on ice. To obtain a fraction enriched with ER bodies, the homogenates were filtered through miracloth (Calbiochem), and centrifuged at 1000 9 g at 4°C for 20 min. The pellet constituted the P1 fraction enriched with the ER bodies. The supernatant was centrifuged at 8000 9 g at 4°C for 20 min. The supernatant from the second centrifugation was centrifuged again at 100 000 9 g at 4°C for 1 h. The pellet obtained at 100 000 9 g constituted the P100 fraction. The P1 and P100 fractions were suspended in the fractionation buffer and boiled with 5 9 sample buffer (60 mM Tris-Cl, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1% Coomassie bromophenol blue). Samples were then subjected to 12% SDS-PAGE for Western blot analysis.
Tunicamycin treatment
To inhibit the N-glycosylation of TSA1:GFP and NAI2:HA, transformed A. thaliana protoplasts were incubated with or without 10 lg mL À1 tunicamycin for 14 h in the dark. The total protein extracts were prepared from the protoplasts and boiled with 5 9 sample buffer (60 mM Tris-Cl, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1% Coomassie bromophenol blue). The samples were subjected to 12% SDS-PAGE and analyzed by Western blotting.
Quantitative real-time reverse transcription-polymerase chain reaction Total RNA was isolated from A. thaliana plants using an RNA extract kit (Invitrogen) and treated with TURBO DNase (Invitrogen). cDNA was synthesized using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). qRT-PCR was performed using the SYBR Green Kit (Applied Biosystems) to measure the levels of NAI1, NAI2 and TSA1 transcripts. ACT2 was used as an internal control for qRT-PCR. ACT2 has been traditionally used as a reference gene. All primers are listed in Table S1 .
To examine whether NAI1 induces the expression of TSA1, protoplasts from 25 9 8-day-old or 15 9 3-week-old nai1 plants were transformed with constructs of NAI1:sGFP or sGFP alone. The total RNAs were isolated from transformed protoplasts and used for qRT-PCR analysis.
To examine the effect of MeJA treatment on the expression of NA1, NAI2 and TSA1, 12 9 2-week-old plants were treated with DMSO (Sigma) or 50 lM MeJA (Sigma) for 4, 12, 24 or 48 h, and total RNAs from these plants were used for qRT-PCR analysis. To examine the transcription level of TSA1 and NAI2, we isolated the total RNAs from 20 9 7-day-old and 12-day-old plants. Total RNAs were used for qRT-PCR analysis. To compare the expression patterns between TSA1 and BGLU18, 10 9 3-week-old plants were treated with DMSO (Sigma) or 50 lM MeJA (Sigma) for 12 or 24 h, and total RNAs from these plants were used for qRT-PCR analysis.
Immunoprecipitation
Protein extracts were prepared from A. thaliana protoplasts after transformation with GFP alone, TSA1:GFP or NAI2:HA in TBS buffer [100 mM Tris-HCl, pH 7.5, 150 mM NaCl, Protease inhibitor cocktail (Roche) and 0.5% Triton X-100]. The extracts were centrifuged at 18 300 9 g for 10 min at 4°C to remove cellular debris. Polyclonal anti-GFP antibody (2 lg; Bioapp) was added to the protein extracts followed by 4 h of incubation at 4°C. Immobilized rProtein A TM beads (Repligen; 60 lL) were added to the mixture and incubated for an additional 2 h. After incubation, beads were harvested by centrifugation and washed four times using TBS buffer. The proteins bound to beads were eluted by boiling with 5 9 sample buffer (60 mM Tris-Cl, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1% Coomassie bromophenol blue) and separated by 12% SDS-PAGE for Western blot analysis.
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